Important electrophysiological alterations that may predispose hearts to arrhythmias have been described for hypertrophied myocytes, and hypertrophy coupled with ischemia has been associated with an increased incidence of sudden death; however, an influence of hypertrophy on reperfusion arrhythmias has not been previously described. We hypothesized that reperfusion-associated arrhythmias would be potentiated by left ventricular hypertrophy. After induction of renovascular hypertension, 37 awake, unsedated dogs (17 with left ventricular hypertrophy and 20 without hypertrophy) underwent 15 minutes of coronary artery occlusion and reperfusion. All dogs were pretreated with lidocaine bolus injections and with lidocaine by continuous infusion during coronary occlusion and reperfusion. Reperfusion-associated ventricular fibrillation occurred in seven of 17 dogs with left ventricular hypertrophy versus one of 18 dogs without hypertrophy (pc0.05). The presence of hypertension was not significantly associated with an increased incidence of reflow ventricular arrhythmias. Neither QT interval nor area-at-risk was different between the dogs with and without reperfusion ventricular fibrillation; however, increased heart rate just before reperfusion did correlate with an increased incidence of ventricular fibrillation at reperfusion. Thus, 1) left ventricular hypertrophy was associated with a significantly increased incidence of reperfusion-induced ventricular fibrillation after 15 minutes of ischemia, 2) this increased incidence was independent of the presence of hypertension, and 3) lidocaine protected control and hypertrophied hearts against ventricular fibrillation during ischemia but was ineffective in protecting hypertrophied hearts against reperfusioninduced ventricular fibrillation. (Circulation Research 1990,67:501-509) In response to a sustained increase in work load, ventricular myocardium hypertrophies; this process is marked by cellular enlargement, by biochemical,1'2 electrophysiological,3-5 and mechanical6,7 changes in myocytes, as well as by alterations in the coronary circulation.89 While hypertrophy is an adaptive process that permits maintenance of physiological function in the face of increased work load,
associated with an increased incidence of reflow ventricular arrhythmias. Neither QT interval nor area-at-risk was different between the dogs with and without reperfusion ventricular fibrillation; however, increased heart rate just before reperfusion did correlate with an increased incidence of ventricular fibrillation at reperfusion. Thus, 1) left ventricular hypertrophy was associated with a significantly increased incidence of reperfusion-induced ventricular fibrillation after 15 minutes of ischemia, 2) this increased incidence was independent of the presence of hypertension, and 3) lidocaine protected control and hypertrophied hearts against ventricular fibrillation during ischemia but was ineffective in protecting hypertrophied hearts At the conclusion of the experimental protocol, the surviving dogs were heparinized intravenously with 10,000 units of heparin and deeply anesthetized with sodium pentobarbital (25 mg/kg). A second large dose of sodium pentobarbital (75 mg/kg) was given to cause cessation of cardiac contraction. The hearts were excised and washed, and the left main coronary artery was cannulated. Dogs that had ventricular fibrillation at reperfusion were given a large dose of sodium pentobarbital (75 mg/kg by left atrial catheter) to rapidly cause asystole, and the hearts were quickly excised without heparin administration; otherwise, these hearts were processed identically to hearts from survivors. The left anterior descending coronary artery was cannulated distal to the occluder and then tied off with a 4-0 silk suture at the level of the coronary artery occluder. The two arteries were then simultaneously perfused, the left main coronary artery with monastral blue solution and the left anterior descending artery with a solution of triphenyltetrazolium chloride so that myocardial areaat-risk was delineated by differential staining. Perfusion pressure was equal to the mean arterial pressure of the animal during the experiment; thus, hearts from hypertensive animals were perfused at higher mean arterial pressures than those from normotensive dogs. Hearts were then fixed in buffered Formalin. After fixation, the hearts were sliced into seven to eight equal-thickness slices parallel to the atrioventricular groove, the right ventricle was removed, and the left ventricular slices were weighed and photographed so that areas of differential staining could be planimetered. Because some subgroups had more surgical procedures than others, left ventricular weight-to-body weight ratios were calculated using body weights obtained before any surgical procedure, thus avoiding artifactual increase in this ratio due to surgery-related weight loss. Transmural tissue samples between crystal pairs and from a remote control region in the circumflex coronary artery distribution were divided into endocardial, midmyocardial, and epicardial segments, weighed, placed in Formalin, and then placed into a scintillation counter for determination of regional myocardial blood flow. Regional myocardial blood flow was calculated by a computer-assisted program in which flow is determined by the general formula Qm=QrxCm/Cr, where Qm is myocardial flow (ml/min), Qr is the reference blood flow (ml/min) Cm is the counts per minute in myocardium, and Cr is the counts per minute in the reference blood sample. The tissue samples were then reassembled, embedded in paraffin, sectioned, and stained with hemotoxylin and eosin. After this, sections were carefully examined histologically to determine the presence of acute necrosis. If acute necrosis was present, the area of necrosis was measured and expressed as a percentage of the total segment area.
Experimental Protocol
When the dogs had recovered from surgery for at least 7 days, they were brought to the laboratory and placed in a standing sling in the awake, unsedated state. Care was taken to ensure that the dogs were comfortable and unstressed. Each dog underwent 15 minutes of coronary artery occlusion followed by 24 hours of reperfusion if the dog survived. Before coronary artery occlusion, all dogs were pretreated with lidocaine in the following dosage schedule: 1.5, 1.0, 0.8, and 0.8 mg/kg as intravenous bolus injections at 15-minute intervals, followed by intravenous infusions at a rate of 2 mg/min during coronary artery occlusion and for the initial 15 minutes of reperfusion.
During the experimental period, the following hemodynamic measurements were recorded using a Hewlett-Packard four-channel recorder (HewlettPackard Co., Richardson, Tex.): heart rates, left ventricular pressure, the first derivatives of left ventricular pressures, aortic pressures, and phasic and mean left atrial pressures. With an eight-channel Hewlett-Packard recorder, continuous electrocardiogram, left ventricular pressures, the first derivatives of left ventricular pressures, and regional wall thickening from the four or five pairs of ultrasonic crystals were simultaneously recorded. These were analyzed as part of a separate study. Regional myocardial blood flow was measured at control, at 10 minutes of coronary artery occlusion, and at 30 minutes of reperfusion in survivors.
Statistical Analysis
Comparisons of reperfusion-associated ventricular fibrillation among the four groups were done by means of a logarithmic likelihood ratio rather than the Pearsonion x test because of the small numbers in some groups. This test is preferable to the x2 test when the observed frequency of an event minus the expected frequency of an event is less than the expected frequency of an event.21 This condition is true for the control group. Comparisons were done by partitioning according to the presence or absence of hypertrophy and then by the presence or absence of hypertension.
Analyses of hemodynamics and regional myocardial blood flow over time within groups were done by repeated measures analysis of variance for unbalanced data. Student-Newman-Keuls tests were used to make individual comparisons.
Intergroup comparisons at given time points were done by unpaired t tests with a Bonferroni correction based on numbers of comparisons performed. Comparison of differences in areas-at-risk and QT intervals was done by Student's t test.
Results

Mortality
Thirty-nine dogs underwent coronary artery occlusion, and 37 dogs survived the 15-minute occlusive period. Of these 37 dogs, eight died of ventricular fibrillation immediately at reperfusion. Reperfusion ventricular fibrillation always occurred within 15 seconds of reperfusion and was preceded by a short burst of ventricular tachycardia (Figure 1) .
The 37 dogs were divided into four groups as follows ( Figure 2 shows heart weight-to-body weight ratios and mean arterial and mean left atrial pressures at the beginning of the experimental protocol for each group. Analysis of variance for each parameter showed highly significant differences among the four groups for each parameter. Figure 2 shows which pairs of these parameters were not different from one another. Thus, among the four heart weight-to-body weight ratios, groups 1 versus 2 were not different nor were groups 3 versus 4. Significant differences in heart weight-to-body weight ratios are attributable to differences between all animals with hypertrophy (groups 1 plus 2) and those without hypertrophy (groups 3 were not significantly different in groups 1 versus 3 and in groups 2 versus 4. Significance is therefore attributable to differences in mean arterial pressure between all hypertensive dogs (groups 1 plus 3) and all normotensive dogs (groups 2 plus 4). Changes in blood pressures over time in groups undergoing renal artery surgery can be seen in Table  2 . Renal artery constriction produced significant increases in mean arterial blood pressure in all three groups. In those animals undergoing successful renal artery reanastomosis (group 2), blood pressure significantly declined to values no different from preoperative baseline.
Ventricular fibrillation during ischemia occurred in two of the 39 dogs entered into the study (one dog with hypertrophy and hypertension, one dog with hypertension but no hypertrophy). Of the 37 dogs surviving coronary artery occlusion, the incidence of reperfusion ventricular fibrillation for each group is shown in Table 1 . In Tables 3 and 4 , the occurrence of reperfusion ventricular fibrillation is crossclassified by the presence or absence of hypertrophy (Table 3 ) and then by the presence or absence of hypertension (Table 4) . Table 3 shows a significant association between hypertrophy and reperfusion ventricular fibrillation measured by the logarithmic likelihood ratio. Table 4 does not show a significant association between reperfusion ventricular fibrillation and the presence of hypertension.
Heart Rate
The relation between heart rate and the occurrence of ventricular fibrillation at reperfusion is shown in Table 5 . Survivors had lower heart rates than dogs with reperfusion ventricular fibrillation at all time periods; however, this difference was statistically significant only at the end of the coronary artery occlusion (15 minutes occlusion), the time just before reperfusion (Table 5) . When dogs were further subdivided into hypertrophied or nonhypertrophied dogs (Table 5 
Regional Myocardial Blood Flow
Regional myocardial blood flow in survivors and in dogs dying of reperfusion ventricular fibrillation is shown in Table 6 . Segments were separated according to the function of a particular segment during ischemia as measured by sonomicrometers. Thus, blood flow was compared between the two groups in segments with function unchanged from control during coronary occlusion, in segments becoming hypokinetic, and in those becoming dyskinetic during ischemia. Regional blood flow was significantly lower during ischemia in dyskinetic segments in those animals with reperfusionassociated ventricular fibrillation.
Area-at-Risk
Area-at-risk (as percent of left ventricular mass) was measured in 14 dogs (four controls, seven hypertrophied survivors, three hypertrophied with reflow ventricular fibrillation). There was no difference in area-at-risk among these three groups (23±2% versus 26±3% versus 24±4%, p=NS). The findings of our study strongly suggest that left ventricular hypertrophy is associated with an increased incidence of reperfusion ventricular fibrillation after 15 minutes of coronary artery occlusion, an ischemic interval that in normal hearts results in fully reversible injury. Moreover, the increased susceptibility to reperfusion ventricular fibrillation was independent of the presence of hypertension. Lidocaine, a sodium channel blocker, was administered to prevent ventricular fibrillation during ischemia so that mechanical and electrical activity could be recorded at reperfusion. Lidocaine protected control and hypertrophied hearts against ventricular fibrillation during ischemia but was ineffective in protecting hypertrophied hearts from reperfusion-induced ventricular fibrillation. One may infer from this that the mechanisms of ischemic and reperfusion ventricular fibrillation in hypertrophied hearts may differ, which has been shown to be the case in nonhypertrophied hearts. 22 Neither QT interval nor area-at-risk was different between survivors and those dogs with reperfusion-associated ventricular fibrillation. Heart rate, however, was significantly increased just before reperfusion in those dogs with reperfusion ventricular fibrillation.
Arrhythmic mechanisms that have been postulated to be responsible for reperfusion-associated arrhythmias include reentry as well as altered automaticity.23-27 The specific factors contributing to either reentrant or automatic arrhythmias include heterogeneity of injury and recovery, the presence of viable but injured cells, the severity of the injury, the rate of reperfusion, the reintroduction of oxygen, and reperfusion-associated calcium ion shifts, as well as modified adrenergic responsiveness. [23] [24] [25] [26] [27] Reperfusion and Reentry Reentry resulting from the electrophysiological heterogeneity generated by regional ischemia and amplified by reperfusion is thought to be important. 20 consequence of prolongation of the refractory period, and Keung and Aronson4 noted that the prolongation of the action potential was distributed in a nonuniform fashion across endocardial, epicardial, and papillary muscle segments; thus, action potential duration was heterogeneous in the nonischemic hypertrophied rat heart. White et a128 have described an increase in ventricular excitability threshold in nonischemic hypertrophied feline right ventricle. It has also been reported that the amount of electrically effective membrane area is reduced in hypertrophied myocardium despite the increase in total membrane area29 resulting from cellular enlargement. Cameron et al,5 using a model of aortic constriction with resultant left ventricular hypertrophy, found abnormalities in action potential duration, conduction velocity, and upstroke velocity of the action potential to be heterogeneous within the same heart. These findings may imply an impairment in the generation and spread of electrical depolarization in hypertrophied myocardium, which may result in regional conduction delays, a necessary precondition for reentrant arrhythmias. Spach et a130 have proposed that the inhomogeneous and multidimensional spread of electrical activation related to cellular geometry as well as to connective tissue distribution could alter action potential spread. Osaka et a131 have shown that cellular anisotropy in nonhypertrophied myocytes can affect action potential duration and contribute to spatial inhomogeneity of refractoriness, and Dillon et a132 have presented data showing that electrical activation transverse to myocardial fibers in the epicardial border of 5-day-old infarcts is sufficiently slowed so that reentry could occur. Thus, changes in cellular geometry as well as the extent and distribution of connective tissue during the hypertrophic process may further contribute to electrophysiological inhomogeneity.
In hypertrophied myocardium, because of the larger heart size, the interface region of electrical heterogeneity during ischemia and reperfusion may be larger. In our experiment, the areas-at-risk expressed as percent of left ventricular mass were not different in survivors and those dying of reflow ventricular fibrillation; however, the actual geographic interface area will, nonetheless, be larger in larger hearts, thereby increasing the potential for electrophysiological heterogeneity. Thus, electrophysiological heterogeneity, the substrate of reentry, may exist in hypertrophied myocardium from the cellular to the whole organ level.
Reperfusion and Altered Automaticity
Derangement in calcium homeostasis occurring at the time of reperfusion may contribute to alterations in automaticity. 33 Thandroyen et a134 have shown that calcium loading of isolated myocytes is associated with the onset of fibrillatory activity. It has also been shown that ryanodine and caffeine, agents blocking release of calcium from the sarcoplasmic reticulum, can prevent reperfusion ventricular fibrillation.35 myocardium with calcium-free Tyrode's solution during reperfusion attenuated or prevented reperfusioninduced ventricular arrhythmias.
In nonischemic, hypertrophied myocardium, calcium handling is altered in such a way that mechanical demands are met.2,36 Keung16 has found that the transmembrane inward calcium current is increased in the isolated hypertrophied myocyte. Calciumdependent afterdepolarizations resulting in triggered activity have been noted in a similar preparation.18 Additionally, spontaneous oscillatory activity leading to action potentials in hypertrophied myocytes has also been noted. 19 Of interest, this spontaneous oscillatory activity could be blocked by caffeine, a substance that blocks both uptake and release of calcium from the sarcoplasmic reticulum.19 It is possible that increases in cellular calcium occurring after brief ischemia may therefore be exaggerated and consequently more proarrhythmic in effect in the hypertrophied myocardium.
Heart Rate and Reperfusion Arrhythmias A significant increase in heart rate was the only hemodynamic variable differentiating dogs with reflow ventricular fibrillation from survivors (Table  5) ; however, it is unclear whether the increase in heart rate was simply another consequence of a proarrhythmic process or whether it directly contributed to the onset of ventricular fibrillation. One consideration is that the tachycardia may be a consequence of heightened adrenergic tone, a state thought to be proarrhythmic. Corr et al25'37 have shown enhanced a-adrenergic responsiveness with a correlative increase of a-adrenergic receptor number in ischemic feline myocardium and an accelerated idioventricular rate consistent with altered automaticity at reperfusion. An In summary, the results of our study demonstrate that hypertrophy independent of hypertension is highly associated with an increased incidence of reperfusion ventricular fibrillation. These data would suggest that qualitative differences in the hypertrophied myocyte may contribute to an enhanced susceptibility to arrhythmias even in the absence of myocardial ischemia. In such a setting, addition of the electrophysiological abnormalities associated with ischemia and reperfusion may greatly enhance the arrhythmic diathesis of hypertrophy and importantly contribute to the increased mortality associated with left ventricular hypertrophy.
